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Abstract
Optical snow monitoring methods have tendency to underestimate snow cover
beneath the evergreen forest canopy due to the masking effect of trees. There is need
to develop method for providing more reliable snow products and enhance their use
e.g. in hydrological and climatological models. The main objective of this thesis is to
provide information to improve the accuracy of snow mapping by algorithm
development and its regional parameterization. This thesis exploits reflectance data
derived from ground-based, mast-borne, airborne and space-borne sensors. Each
datatype with different ground resolutions has specific strengths and weaknesses.
Together this dataset provides valuable information to advance knowledge of
reflectance properties of snow-covered forests and supports the interpretation of
satellite-borne reflectance observations. Improvement of satellite-based snow cover
mapping is essential because it is the only way to monitor snow cover spatially,
temporally and economically effectively.
To obtain information about certain geophysical variable using satellite data, a
model for interpreting the satellite signal must be developed. The feasibility of
satellite-borne observations in describing geophysical variables depends on the
reliability  of  the  model  used.  Here  simple  reflectance  models  based  on  the  zeroth
order radiative transfer equation and lineal mixing models are investigated. They are
found to reliably describe the observed surface reflectances from snow-covered
terrain, both in forests and in open areas. Additionally, to improve methods for
seasonal snow cover monitoring in forests, the high spatial resolution observations
are required to describe spectral properties and their temporal behaviour of different
targets inside the investigated scene. It is also important to combine these target-
specific reflectances with the in situ data to describe the characteristics of the target
area. In this thesis the datasets complement each other so that while mast-borne data
provides  information  on  the  temporal  behaviour  of  the  scene  reflectance  of  the
specific location where measurement conditions are well known, the airborne data
provides information during a very short time (~1 hour) on the spatial variation of
scene reflectance from the areas where land cover, forest characteristics and snow
conditions  are  well  defined.  The  results  demonstrate  the  notable  effect  of  forest  on
observed reflectance in both the temporal (changes in illumination geometry) and on
3the spatial (changes in forest structure) scale. The presence of tree canopy also
weakens the capability of the Normalized Difference Snow Index (NDSI) to detect
snow-covered areas. Additionally, the effect of melting snow cover on reflectances
and NDSI is significant in all land covers producing high variation inside individual
land cover types too.
Keywords: reflectance, scene reflectance, optical, spectra, snow, snow melt, boreal
forest, NDSI, multi-scale, canopy cover, land cover, snow mapping, FSC
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1. Introduction
1.1 Background and motivation
Over the northern hemisphere extensive areas are covered by seasonal snow cover.
The extent of snow fluctuates with the temperature and therefore it is a sensitive
climate change indicator. Most of the seasonal snow occurs in the boreal forest
region (Figure 1), in which evergreen tree canopy often prevents visibility of the
snow layer creating challenges to snow cover mapping by remote sensing
instruments (Dietz et al. 2012; Hall and Riggs 2007; Metsämäki et al. 2012). The
aim of this thesis is to provide information on the behaviour of reflectance from
heterogeneous snow-covered landscape. This information can be directly utilized to
improve optical remote sensing methods to provide more reliable information on
snow-cover in boreal forests, which also increases the accuracy of the climatological
and hydrological models that use these remote sensing retrievals as input.
The significant changes observed in the climate during the past decades have created
pressure to increase the effectiveness of environmental monitoring, aiming at better
understanding of the processes behind the global warming. Timely detection of
changes in the environment – particularly concerning the cryosphere – has a
significant role in intervening, resilience and adaptation to undesirable changes in
time.  Remote  sensing  is  the  only  effective  means  to  monitor  the  vast  areas  on  the
Earth. However, the economic aspects set limits on the available remote sensing
methods. High spatial resolution data is often expensive and covers only small areas
at the same time. Thus, high spatial resolution goes often hand in hand with low
temporal resolution. Low spatial resolution means that in a heterogeneous landscape
one signal is detected from various targets. For environmental monitoring satellite
acquisition with short revisiting time is typically exploited: however this provides a
pixel size of hundreds of meters or even a few kilometres. When information on a
particular target or phenomena is required, a model needs to be developed to
interpret the signal.
In optical remote sensing a signal consists of spectral radiances at visible, near-
infrared and/or short-wave infrared wavelengths of the electromagnetic spectrum.
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Figure 1. Top: Distribution of boreal, temperate conifer, temperate broadleaf and
mixed Forests by The Nature Conservancy (www.maps.tnc.org). Bottom: Snow
cover on January 2004 by NASA (www.visibleearth.nasa.gov).
When the electromagnetic radiation interacts with the Earth surface (target), the path
of the radiation depends on the target’s electromagnetic properties. The most typical
measurable optical quantities are reflection, transmission and absorption. The
reflected part depends on the directional distribution of incoming radiation, apart
from Lambertian  surfaces  which  reflect  uniformly  in  all  directions.  The  directional
dependence can be expressed as a bidirectional reflectance distribution function
(BRDF). In the field of satellite remote sensing the target surface is often considered
to be a Lambertian surface and the reflected part is expressed as bidirectional
reflectance factor (BRF) usually referred to as reflectance (Schaepman-Strub et al.
2006). Reflectance, which is the main quantity utilized in this thesis, is the fraction
of incident radiation that is reflected by a surface (Figure 2). Mast-borne reflectances
measured under full cloud-cover are also utilized, whereby the reflectance can be
expressed as Hemispherical–Directional Reflectance Factor (HDRF). Albedo is the
measure of surface reflectance to all incoming and outgoing geometries (Figure 2).
The part of the radiation which is not reflected is transmitted or absorbed by the
Earth’s surface layer. The absorbed energy raises the surface temperature, evaporates
water, melts and sublimates snow and ice, and energizes the turbulent heat exchange
between the surface and the lowest layer of the atmosphere (Coakley 2003). Albedo
has a strong effect on the Earth’s energy balance and is a very important parameter
in climate models, but cannot be directly measured by satellite sensors (Figure 2).
Figure 2. Reflectance is the proportion of incident radiation that is reflected by a
surface for a single incidence angle θi. Albedo is the directional integration of
reflectance over all sun-view geometries and cannot be directly measured by
satellite sensors.
Snow cover reflects most of the solar visible radiation and thus it is an important
climatological factor. Many previous studies have shown that snow-covered areas
decrease especially in the northern hemisphere (e.g. ACIA 2004; AMAP 2011; Chen
et al. 2015; Derksen and Brown 2012; Gong et al. 2007; Hori et al. 2017; Jylhä et al.
2004; Malnes et al. 2016; Mellander et al. 2007). Decrease of snow-covered area has
a positive feedback on global warming: the increased temperature of the Earth
decreases the extent of snow cover which in turn increases the area of snow-free
ground where solar energy is absorbed, and thus the land surface that is heated.
Snow  melting  in  the  north  can  also  cause  the  melting  of  permafrost,  which  stores
organic carbon for thousands of years and eventually this carbon is released to the
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atmosphere (Turetsky et al. 2019). Seasonal snow cover has also an important role in
the hydrological cycle. During the spring melt the large amount of fresh water stored
in the snow pack is released causing a high runoff peak. Information on snow cover
is important e.g. for agriculture, the hydropower industry and flood prediction.
Snow-covered  areas  in  the  world  are  mostly  sparsely  populated  and  the  amount  of
available in situ measurements is limited. Thus, hydrological forecasting
increasingly combines remote sensing data with hydrological models (Haefner et al.
1997; Solberg and Andersen 1994; Thirel et al. 2013; Winther and Hall 1999).
Unlike most of the other natural targets snow reflects almost all incoming radiation
in the visible and near-infrared wavelengths, which is a foundation of several snow
remote sensing methods. In open areas like tundra, the determination of snow-
covered area is already rather accurate (Hall and Riggs 2007; Metsämäki et al. 2012;
Painter et al. 2009; Wang et al. 2017). Though, reflectance data in visible and other
optical wavelengths is limited due to cloud cover as well as low light conditions in
high latitudes during the polar night. Microwave based methods do not have these
limitations, but have their own weaknesses in snow detection. Passive microwave
instruments have often coarse resolution (10–20 km) and work suitably only in
completely dry snow conditions due to the strong attenuation of microwaves in the
wet snow pack (Chang et al. 1990; Kelly et al. 2003; Pulliainen 2006). Active
microwave instruments, like SAR, have often fine spatial resolution, but sensors
have  typically  a  relatively  narrow  swath  limiting  data  areal  coverage.  Active
microwave  sensors  are  suitable  for  wet  snow  detection,  but  do  not  distinguish  dry
snow from snow-free surfaces and interpretation of SAR data for snow extent
mapping in forests is difficult (Nagler et al. 2016; Rondeau-Genesse et al. 2016; Shi
et al. 1994). Thus most of the operational snow-mapping methods based on the
optical wavelengths.
The semi-empirical reflectance model SCAmod exploits optical wavelengths and is
utilized in regional and hemispherical scales for mapping sub-pixel fractional snow
cover (FSC) (Metsämäki et al. 2005, 2012, 2015). SCAmod originates from radiative
transfer theory and describes the scene-level reflectance as a mixture of three major
reflectance constituents – opaque forest canopy, snow and snow-free ground, which
are interconnected through forest canopy transmissivity and snow fraction. However,
in operative use spatially and temporally non-varying constant values for reflectance
constituents are typically used i.e. these are not regionally tuned. These constant
values are determined from at-ground and space borne spectral measurements
(Salminen et al. 2009; Metsämäki et al. 2012). Therefore regardless of canopy
transmissivity, information which basically compensates for the effect of forest
canopy on the observed reflectances, the FSC retrievals have inaccuracies in regions
where these constant values are not representative. Thus, underestimations of FSC
may occur, although not as strongly as those produced by many other optical data-
based methods in forests where evergreen vegetation decreases the observed
reflectance from snow-covered terrain (Coakley 2003; Dietz et al. 2012; Metsämäki
et al. 2012; Steele et al. 2017; Turetsky et al. 2019). Underestimation is also a
problem in open areas at the end of the melting period when the snow layer is thin
and snow-free patches are present (Dietz et al. 2012; Frei et al. 2012; Vikhamar and
Solberg 2003; Xin et al. 2012). Additionally, at the end of the melting period the
snow layer contains more impurities as a consequence of upper layers melting,
which decreases snow reflectance especially in visible wavelengths causing
underestimations on modelled FSC (Grenfell et al. 1981; Warren and Wiscombe
1980). Snow grain size is also usually large after melt metamorphosis, increasing
forward scattering of snow and decreasing reflectance particularly in the near-
infrared region (Dozier et al. 2009; Nolin and Dozier 1993; Painter et al. 1998;
Wiscombe and Warren 1980). At the very end of the melting period, satellite
observed reflectance can be affected by the reflectance properties of thin melting
snow, forest canopy and snow-free patches, resulting in a low observed reflectance
and thus differing completely from the spectral behaviour of snow. With respect to
the FSC mapping, the usability of satellite data can be improved e.g. by better
forward modelling of the behaviour of snow-free ground, the forest canopy and
melting snow reflectances. This thesis addresses these problems and provides tools
to make snow mapping more accurate also in a heterogeneous snow-covered
landscape.
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1.2 Objectives
In this thesis, the multisensor data from different ground resolutions are examined in
order to improve consideration of forest canopy effects on space-borne remote
sensing of snow extent or FSC (Figure 3.). Although the spectral behaviour of snow
itself  is  well  known,  the  combination  of  spectral  properties  of  snow  and  forest
canopy has been examined less, not to mention the observations combining the
spectral properties of snow, forest canopy and snow-free ground. In order to increase
the accuracy of FSC retrievals it is crucial to identify the relation of scene-level
reflectance to the variation of the natural ground targets' spectral signatures. To
define the nature and magnitude of this relation, high resolution measurements in a
controlled condition are fundamental. Here the novel and unique experimental
hyperspectral datasets are utilized and described in order to depict their significance
in the improvement of satellite-borne snow monitoring. The main objectives of the
thesis are:
 To examine the effect of snow properties and illumination geometry on scene
reflectance through the spring melt by investigating mast-borne
spectroradiometer data from a forest site and from forest opening (PI)  as
well as to analyse the bidirectional reflectance properties of mast-borne
observations from a forest site (PI, PII and PIII).
 To examine the effect of forest characteristics on the measured scene
reflectance by applying the airborne spectrometer data measured from a
rather homogenous dry snow layer and the LiDAR (Light Detection and
Ranging) -based canopy characteristics (PII and PIII).
 To examine the effect of snow on canopy on snow-covered terrain
reflectance in different types of forests by applying mast-borne and airborne
spectral data as well as LiDAR-based canopy characteristics (PI and PII).
 To model the scene reflectance from snow-covered forest using zeroth order
radiative transfer approach (PI, and PIII). In PI the combination of linear
mixing model and the zeroth-order solution of the radiative transfer equation
is employed to model the mast-borne scene reflectance for both mast-borne
measurement sites, the forest and the forest opening. In PIII the zeroth order
radiative transfer model is developed and validated to describe snow
conditions  and  simulate  the  effects  of  the  forest  canopy  on  remote  sensing
observations using LiDAR based canopy information.
  To  investigate  the  effect  of  forest  canopy  and  land  cover  type  on  spectral
properties of snow-covered landscape at the end of the melting period using
airborne spectrometer reflectances and LiDAR based canopy coverages and
Corine land cover classes (PIV).
 To describe the reflectance datasets observed at multiple scales for boreal
landscapes in Finland (PV).
Figure 3. The multisensor reflectance data from different ground resolutions is examined
in  order  to  investigate  the  effect  of  the  tree  canopy  on  remote  sensing  signals  from
snow-covered ground. Ground-based reflectance (blue line) represents snow cover,
airborne  reflectance  (green  line)  of  80cm pixel  is  measured  above  the  tree  crown  with
under-canopy snow. Mast-borne (black line) and spaceborne (asterisk) reflectances are
measured from boreal forest with under-canopy snow.
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2. Study area and material
2.1 Study area and measurement campaigns
The measurements were conducted in two study sites in Northern Finland (Figure 4).
The first study site is in Sodankylä, at 26.6◦E 67.4◦N, about 100 km north of the
Arctic Circle and 180 m above sea level (a.s.l.). The Sodankylä site represents a
typical northern boreal landscape with sparse coniferous forest dominating the area,
but open wetlands are also present. The second study site is in Saariselkä, 28.2° E
68.3° N, about 200 km north of the Arctic Circle and having the highest point at 718
m a.sl. The timberline in the Saariselkä fell region is at an altitude of 400 m above
sea level. The landscape at lower altitudes consists of mires, boreal forests and
heaths.
Figure 4. Study sites Sodankylä and Saariselkä in Northern Finland. Distribution of
boreal, temperate conifer, temperate broadleaf and mixed forests, and tundra by The
Nature Conservancy (www.maps.tnc.org).
The forests in Northern Finland are dominated by Scots pine (Pinus silvetris) having
a median tree height of 12 m and crown coverage of 30% (Törmä et al. 2011).
Typical under-canopy species in Northern Finland are heather (Calluna vulgaris),
lingonberry (Vaccinium vitis-idaea), reindeer lichens (Cladonia spp.) and mosses
(e.g. Pleurozium schreberi).  The Sodankylä area has snow cover typically from the
end of October to the middle of May while in the Saariselkä area the snow stays few
weeks longer. The solar elevation is low throughout the year having an annual
maximum in midsummer (46° in Sodankylä). Because of the polar night, optical
satellite images are not usable from November until the middle of February. In
Northern  Finland,  the  melting  season  usually  starts  at  the  end  of  April.  Before  that
the snow layer is rather homogenous (dry and thick snow layer) during the cold and
long winter. When thawing starts the melt-freeze metamorphosis causes a distinctive
layered structure and ice lenses in the snow pack. The solar elevation and the length
of the day increase quickly in late spring inducing a rapid snow melt further
accelerated by the increasing absorption of the thin snow and revealing of snow-free
ground. The average annual maximum snow water equivalent in Northern Finland is
usually 140–200 mm (Kuusisto 1984). The rapid snow melt often causes floods.
The Arctic Space Centre of the Finnish Meteorological Institute (FMI-ARC) is
located at the Sodankylä site offering extensive datasets for the research. A unique
mast-borne spectroradiometer hosted by FMI-ARC is one important instrument for
this thesis. Valuable auxiliary data for the research are air temperature (at 2m), snow
surface temperature and snow depth, which are measured next to the mast every
minute. In addition, cloud cover is observed every ten minutes in the area. The first
airborne remote sensing campaign with AisaDUAL imaging spectrometer was
organized in Sodankylä in March 2010 (see PII). At that time the ground was
covered by a dry snow layer more than 70 cm thick. This gave an excellent
opportunity to investigate the effect of the tree canopy on scene reflectance observed
from snow-covered terrain. The airborne measurements were conducted on two
days, 18 and 21 March 2010. On both days the measurement time and the snow
surface temperatures were about the same, and the sky was cloudless, but on the
earlier  day  the  trees  were  snow-free  and  the  snow on  the  ground was  several  days
old, while on the later day the trees were partly snow-covered and the snow surface
on the ground was fresh snow (Figure 5, Table 1). Another airborne imaging
spectrometer campaign was organized in Sodankylä and Saariselkä on 5 May 2011
(see PIV). On that time spring snow melting was already at the very end in
Sodankylä (snow depth sd ≤ 30 cm) and snow-free ground patches were present
(Figure 5, Table 1). In Saariselkä, the spring-snow melting was less advanced (0 < sd
21
≤ 60 cm) and snow-free-areas were found only in open areas (canopy cover C <
10%).  In Sodankylä, the measurements were made under direct illumination (cloud
cover 0/8), while in Saariselkä they were carried out under diffuse illumination
(cloud cover 7/8). The results from Saariselkä are discussed in PIV, but are not
covered in this summary as the illumination conditions during the measurements in
the Saariselkä site deviate from the illumination conditions of optical satellite
observations.
Figure 5. The measurement conditions during the airborne spectrometer flight
campaigns in Sodankylä. On 18 March 2010, the canopy was snow-free, snow on
the ground (sd >70 cm) was dry and the top snow layer was several days old (Top).
On 21 March, the canopy was snow-covered, snow on the ground (sd >70 cm) was
dry and the top snow layer was newly fallen (Middle). On 5 May 2011, the canopy
was snow-free, snow on the ground (sd < 30 cm) was wet and there were snow-free
ground patches (Bottom).
 Table 1. The measurement conditions nearby mast-borne spectroradiometer on 18
March 2010, when the canopy was snow-free, on 21 March 2010, when the canopy
was snow-covered and on 5 May 2011, when the snow was partly melted.
2.2 Reflectance data with varying ground resolutions
In this thesis the utilization of multisensor reflectance data from different ground
resolution plays a major role. The aerial campaigns provide scene level information
on  the  behaviour  of  reflectance,  which  is  relevant  in  parametrization  of  forward
models including canopy and ground components in snow-covered terrain. The
spectral information from the ground resolutions between 314 cm2 to 25 ha gives an
opportunity to investigate the effect of single target reflectance characteristics on the
scene reflectance from a heterogeneous landscape. This provides tools for the
interpretation of reflectance from satellite data, in which spatial resolution is usually
hundreds of meters. The spectral datasets and the applications used in the thesis are
described in Table 2. This thesis concentrates on the spectral bands and indices
which are utilized in widely used snow mapping algorithm SCAmod (Metsämäki et
al. 2005, 2012) and in algorithms by NASA's Goddard Space Flight Center (GSFC)
(Riggs et al. 2006, 2016). These bands are extracted from the spectra by using the
band specific FWHM criterion (Full width at half maximum) corresponding to the
spectral channels of the MODIS (Moderate Resolution Imaging Spectroradiometer)
instrument on board the Terra satellite. The spectral bands used as well as the band
related Normalized Difference Snow Index (NDSI) and Normalized Difference
Vegetation Index (NDVI) are presented in Table 3.
18 March 2010
at 10:05 UTC
21 March 2010
at 10:05 UTC
5 May 2011
at 6:45 UTC
Solar azimuth (°) 176 176 122
Solar elevation (°) 22 23 30
Cloud cover (oktas) 0/8 0/8 0/8
Snow depth (cm) 77 83 17
Grain size on top layer (mm) 0.54 0.38 3
Snow-free patches (%) 0 0 60
Snow surface temperature  (°C) -6 -7 0
Air temperature  (°C) -4 -5 7
Snow on canopy No Yes No
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Table 3. Resampled reflectance bands and indices from mast-borne and airborne
spectra. The table is adapted from PI ©2012 Elsevier.
MODIS bands Central
wavelength (nm)
Bandwidth (nm)
Band 1 645 620–670
Band 2 858.5 841–875
Band 4 555 545–565
Band 6 1640 1628–1652
MODIS-based indices Formulation
NDSI (Band 4 - Band 6) / (Band 4 + Band 6)
NDVI (Band 2 - Band 1) / (Band 2 + Band 1)
Ground-based data
The ground-based data includes field spectroradiometer measurements, automatic
weather station measurements and manual snow pit measurements. The field
spectroradiometer measurements are made with a portable Analytical Spectral
Devices (ASD) Field Spec Pro JR and the data has been collected since 2006
providing target-specific reflectances for different types of snow and vegetation right
after snow melt. Measurements are made in the field in natural conditions. The
spectral range of the ASD is 350–2500 nm with 1512 channels. During the
measurements the field of view (FOV) was 25°, the mean distance from FOV to the
target  was  45  cm  and  the  view  covered  a  surface  area  of  20  cm  in  diameter.  The
snow pit measurements were made in each measurement location. Additionally,
digital photographs of the surface snow sample, cloudiness, and landscape were
taken.  Details of the measurement set-up are described in Salminen et al. (2009).
Ground-based reflectances give valuable information on the spectral properties of
the one specific target, which is not possible to retrieve with instruments with spatial
resolution of tens or hundreds of meters. Prevailing measurement conditions, e.g.
snow properties and illumination, are easy to define accurately which makes the data
valuable. Having an idea of spectral behaviour of singular targets aids in interpreting
the reflectance observed by satellite. In this thesis the fore optic of spectroradiometer
was set to observe at nadir direction to reduce the effect of illumination geometry.
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This  is  not  always  the  orientation  of  satellite  instruments  which  measure  the  target
with a varying viewing angle. Snow and vegetation are anisotropic surfaces and thus
are sensitive to illumination geometry. Snow is typically an anisotropic forward
scattering surface type and vegetation is backward scattering.
Mast-borne data
The spectroradiometer, similar to the portable instrument utilized for ground-based
reflectance measurements, monitors a pine forest and forest opening with cast
shadows from pine trees from a 30 meter high mast (Figure 6). Differing from
ground-based measurements the instrument was set to look 11° off the nadir, the
FOV was the same 25°, while the view covered an area of 187 m2. The details of the
utilized measurements are presented in PI and measurement setup in Sukuvaara et al.
(2007). Mast-borne data includes average reflectance spectra from both
measurement sites, forest and forest opening, as well as simultaneously acquired
digital images, which allows the determination of e.g. the amount of shadows and
snow-free patches (Figure 6).  The ground layer is characterized by various lichen
and moss species on mineral soil.
The mast-borne reflectances, measured above the tree canopy, give a rare
opportunity to investigate the behaviour of scene reflectance of a specific forest area
from mid-winter to spring. For example, even with high resolution satellite data, the
footprint of the instrument varies making it impossible to get time series from
exactly the same geographical land surface. In the site observed by the mast-borne
spectroradiometer, the tree canopy structure is assumed to be constant throughout the
year. Therefore, both in the forest and in the forest opening, snow properties and
illumination geometry are the main variables during full snow coverage. This dataset
provides useful information for determining the temporal variation of scene
reflectance in snow-covered forested terrain. In direct illumination conditions, it is
difficult  to  define  which  of  the  changes  in  observed  reflectance  are  caused  by  the
variations in illumination geometry and which are caused by the variations in snow
properties.  In  addition,  the  amount  of  shadows  has  a  considerable  effect  on  the
observed scene reflectance. During one single day, when the temperature is below
zero degrees Celsius, the snow layer could be assumed to stay rather homogenous.
Figure 6. Top left: Spectroradiometer is installed on the top of 30-metre high mast
and  observes  an  area  of  187°.  Top  right:  Field  of  view  of  the  forest  area  and  the
forest opening as well as solar azimuths between solar elevation 15° (am) and 15°
(pm). ∆ϕ defines the azimuth angle difference between the instrument look angle
and  the  sun.  Bottom:  Spectroradiometer  provides  average  reflectance  spectra  from
the forest area and forest opening as well as simultaneously acquired digital images.
This figure is adapted and modified from PI ©2012 Elsevier.
This hypothesis was applied in PI and PII, where the effect of solar elevation, solar
azimuth and amount of shadows are investigated during one day. Snow reflects more
in the forward direction (e.g. Painter and Dozier 2004; Peltoniemi et al. 2005a) while
vegetation has more backscattering behaviour (e.g. Eklundh et al. 2007; Pellikka et
al. 2000; Peltoniemi et al. 2005b; Walter-Shea et al. 1997). This makes the
modelling of scene reflectance of snow-covered forested terrain difficult with
varying illumination and imaging geometries. This is a highly valuable dataset to
increase knowledge of the spectral characteristics of scene reflectance where the
signal consists of information on objects whose BRDF differ considerably from each
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another. However, the data covers only a specific forest site with a sensor zenith
angle of 11° and cannot be generalized to be accurate in all kind of boreal forests and
with different sensor zenith angles. The measurements during diffuse illumination,
i.e. full cloud cover, can be assumed to be only negligibly affected by the changes in
illumination conditions and allowed to investigate the effect of snow characteristics
on scene spectra. This data aids understanding of the impact of snow properties on
scene spectra, also in the area where about half of the area is covered by the tree
canopy. Additionally it provides tools to specify the effect of snow properties on
scene reflectance observed during direct solar illumination. Though, the effect is not
the same when the incident solar radiation comes from single incidence angle
compared to hemispherical illumination. The effect of the solar incidence angle is
discussed in Nolin and Dozier (1993), where method based on hyperspectral data to
estimate snow grain size had a higher accuracy for solar incidence angles between 0°
and 30°.
Airborne data
The airborne spectral measurements were made with the AisaDUAL Airborne
Imaging Spectrometer for Applications (AISA) from a helicopter in 2010 and from
an airplane in 2011. The instrument was set to look at nadir having a FOV of 17°. As
both campaigns were done at an altitude of 800 meters (Figure 7), the spatial
resolution is 80 cm and swath 240 meters. The spectral range of AisaDUAL is 400 –
2500 nm with 359 channels. The datasets from 2010 and 2011 are described in more
detailed in PII and PIV, respectively. The measurement conditions during the
campaigns are described in section 2.1.
LiDAR  data  (Light  Detection  and  Ranging)  was  acquired  by  the  National  Land
Survey of Finland. The LiDAR data were utilized to define three height and canopy
cover  (C)  in  grid  cells  of  10  m  by  10  m  (Cohen  et  al.  2015).  The  synergistic
utilization of high spatial resolution data of both the LiDAR -based forest
characteristics and the airborne reflectances acquired under dry thick snow cover
conditions offers a unique possibility to investigate the effect of canopy
characteristics on reflectance of snow-covered terrain (Figure 8). This data provides
information on the spatial variation of scene reflectance in snow-covered forested
Figure  7.  Top  left:  The  hyperspectral  remote  sensing  data  acquisition  was  made
from a helicopter in 2010. Bottom left: Snow-covered landscape on 21 March 2010.
Right:  RGB  true  colour  images  of  sections  of  three  AISA  flight  lines  on  5  May
2011. Background image is an orthophoto by the National Land Survey of Finland
from summer time conditions (This figure is adapted from PIV, ©2019 Elsevier).
terrain and offers valuable information on model development concerning the
complex canopy-ground component. Additionally, the airborne data from 2010
enables the effects of snow on the forest canopy on scene reflectance in different
types of forests to be investigated, since on the first measurement day the forest
canopy was snow-free and on the second measurement day it was snow-covered. A
divergent factor was the different optical snow grain size: on 18 March the snow was
several days old while on 21 March snow was fresh (see Figure 5). The illumination
conditions  on  these  two days  are  rather  similar  due  to  similar  flight  routes  and  the
same acquisition time (Table 4). The high resolution AISA data from 5 May 2011
offered a valuable opportunity to investigate the effect of a heterogeneous melting
snow layer on scene reflectance in different kinds of landscapes. The data were
combined  with  the  LiDAR-based  canopy  cover  (C)  data  and  Corine  land  cover
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classification (CLC2012). In Finland CLC2012 data is produced with a ground
resolution of 20 by 20 metres (Härmä et al. 2015; Törmä et al. 2011). The most
common CLC12 land cover classes at the study sites were utilized to investigate the
effect of landscape on reflectances and indices. The detailed information on snow
properties, such as snow depth, would have been valuable to assess the effect of
snow characteristics on scene reflectance, but was considered too labour-intensive.
However, several snow pit measurements were made in the measurement area to
obtain an overview of the snow characteristics. The airborne data with high spatial
resolution (80 cm) from the end of the snow melting is utilized to investigate the
spatial variation of reflectance between snow-covered or snow-free ground areas.
However, the snow-free patches surrounding the tree trunks on otherwise snow-
covered  terrain  were  hard  to  capture  from the  aerial  data.  On 5  May 2011,  the  sun
elevation was higher than in March 2010 and varied more during the data
acquisition. The variation was not considered significant as it was at a maximum of
4.2°. The FOV of AISA observations was 17° meaning that the imaging angles
limits to near-nadir angles (0°–8.5° off nadir). The angle between flight direction and
sun azimuth may cause variation to the observed reflectances due to both
backscattering and forward scattering geometries (Table 4).
Table 4. Solar position and flight direction during the Sodankylä data acquisition on
18 March 2010, on 21 March 2010 and on 5 May 2011; cloud free conditions.  BW
refers  to  the  case  where  solar  radiation  comes  backward  and  FW  when  it  comes
forward relative to the flight direction.
Date Time
(UTC)
Sun
Elevation (°)
Sun
 Azimuth ϕ (°)
Flight direction α
(°)
ϕ – α
(°)
2010/3/18 11:00 21.5 190 0 (south to north) 190 (BW)
2010/3/18 11:42 20.3 102 45 157 (FW)
2010/3/18 10:51 21.7 187 100 87 (FW)
2010/3/18 12:05 19.7 206 320 –114 (FW)
2010/3/21 10:45 21.4 203 0 203 (BW)
2010/3/21 10:51 22.8 187 45 142 (FW)
2010/3/21 10:12 23.0 178 100 78 (FW)
2010/3/21 11:16 22.3 195 320 –125 (FW)
2011/5/5 6:13 26.5 113 0 113 (FW)
2011/5/5 6:19 27.0 114 0 114 (FW)
2011/5/5 6:30 28.0 117 0 117 (FW)
2011/5/5 6:02 25.5 110 20 90 (FW)
2011/5/5 6:50 29.6 122 20 102 (FW)
2011/5/5 6:35 28.4 118 45 73 (FW)
Figure 8. AISA flight lines on 18 March 2010. Similar flight lines were acquired on
21 March 2010 and on 5 May 2011. On the background is the forest canopy cover
map derived from the LiDAR data. This figure is adapted from PII, ©2014 Elsevier.
Satellite -borne data
The satellite reflectances are only utilized to demonstrate the capability of NDSI to
detect snow-covered areas in forest, since the main objective is to investigate the
reflectance properties of snow-covered forests with high resolution data. The 500
meter resolution MODIS image acquired on 28 March 2003 was used, since ground
observations  on  snow depth  and  coverage  as  well  as  Snow Water  Equivalent  -map
(ESA DUE GlobSnow SWE data record, www.globsnow.info) indicated that the
terrain was snow-covered on that day. The sub-scene of the MODIS image used
presents dense forest along the Finnish-Russian border, visible also in the 30 meter
resolution Landsat/ETM+ image acquired on 15 March 2003 (186/017). The purpose
of this comparison was to demonstrate the method performance without going into
detailed investigations. Thus these results cannot be generalized or used for other
illumination conditions (Cao and Liu 2006; Gutman 1991).
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3. Analysis and results
3.1 Effect of boreal forest on scene-level reflectance of snow-covered
surface
The modelling approach follows the SCAmod reflectance model employed in
hemispherical snow mapping of fractional snow-covered area at the Finnish
Environment Institute (SYKE) (Metsämäki et al. 2005, 2012). The fundamental idea
of the approach is to retrieve the signal from the ground beneath the canopy layer by
eliminating the influence of tree canopy on the observed signal. In SCAmod the
observed scene reflectance Robs is described as a function of reflectances of directly
illuminated snow ρill.snow, snow-free ground ρground and opaque tree canopy ρforest at a
certain wavelength λ. The effective two-way canopy transmissivity t2 is  utilized  to
describe the forest canopy effect on the observed reflectance as a partially
transparent layer. The model describes the satellite observed reflectance as follows:
𝑅ఒ,௢௕௦(𝐹𝑆𝐶) =  ൫1 − 𝑡ఒଶ൯𝜌ఒ,௙௢௥௘௦௧ + 𝑡ఒଶൣ𝐹𝑆𝐶 𝜌ఒ,௜௟௟.௦௡௢௪ + (1 − 𝐹𝑆𝐶) 𝜌ఒ,௚௥௢௨௡ௗ൧   (1)
During full snow cover (FSC=1) Eq. 1 enables the calculation of pixel transmissivity
as it forms to
𝑅ఒ,௢௕௦ =  ൫1 − 𝑡ఒଶ൯𝜌ఒ,௙௢௥௘௦௧ + 𝑡ఒଶ 𝜌ఒ,௜௟௟.௦௡௢௪                                                                                     (2)
MODIS Band 4 (555 nm) reflectance data is most commonly utilized as an input in
operational production, but the method is applicable for different sensors and
spectral bands. Compared to many other techniques, where forest canopy is defined
as an opaque layer, SCAmod detects snow more accurately in forested regions, but
tends to underestimate snow cover in forests (Metsämäki et al. 2012; Salminen et al.
2018). In PI, this problem is approached by refining the model to describe mast-
borne spectra in forest and forest opening for wavelengths 350–1800 nm in fully
snow-covered conditions. In addition to ρill.snow and ρforest, the reflectance of
shadowed snow ρshd.snow is applied in the model. The areal proportion of directly
illuminated snow Fill.snow is determined from high-resolution digital images for each
measurement separately (Figure 9). The dataset consists of 75 measurements from
the forest site and 26 measurements from the forest opening measured during fully
Figure 9. Determination of the directly illuminated area from the digital image. The
upper images represents the forest site and the lower ones the forest opening with
tree-cast  shadows.  Left:  The  blue  band  image  from  the  observed  areas.  Middle:
Pixels classified as directly illuminated snow. Right: The remaining pixels including
(trees/shadows). This figure is adapted from PI, ©2012 Elsevier.
snow-covered ground with a snow depth of more than 40 cm and cloud-free
conditions. The model used for the forest site is:
𝑅ఒ,௠௢ௗ = 𝐹௜௟௟.௦௡௢௪𝜌ఒ,௜௟௟ .௦௡௢௪ + (1 − 𝐹௜௟௟.௦௡௢௪)[𝑡ఒ𝜌ఒ,௦௛ௗ.௦௡௢௪ + ൫1 − 𝑡ఒଶ൯𝜌ఒ,𝑓𝑜𝑟𝑒𝑠𝑡]  (3)
and for the forest opening
𝑅ఒ,௠௢ௗ = 𝐹௜௟௟.௦௡௢௪𝜌ఒ,௜௟௟ .௦௡௢௪ + (1 − 𝐹௜௟௟.௦௡௢௪)𝜌ఒ,௦௛ௗ.௦௡௢௪  (4)
The last term of Eq. 3 ൫1 − 𝑡ఒଶ൯𝜌ఒ,𝑓𝑜𝑟𝑒𝑠𝑡 results from the zeroth-order solution of the
radiative transfer equation (Metsämäki 2013). In P1, the reflectance of an opaque
forest canopy ρforest is estimated from the reflectance measurements of pine branches
in laboratory conditions (see details of laboratory measurements in PV). ρill.snow and
ρshd.snow are determined for both, dry (snow surface temperature T <0°C) and wet (T
≥0°C) snow, due to their different spectral behaviour (Dozier et al. 2009; Rasmus
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2005; Salminen et al. 2009; Warren 1982), as well as their weighted mean (see PI).
When modelling the mast-borne spectra the forest transmissivity is a priori unknown
in Eq. 3, enabling the determination of constant values for transmissivity by fitting
the model (3) into the mast-borne reflectance spectra. The constant values for
transmissivity are estimated for three wavelength intervals 350–699 nm, 700–1349
nm, 1350–1800 nm by minimizing the root mean square error between the modelled
and observed scene reflectance measurements. The justification for the utilization of
different constant values for these intervals was based on the literature where plant
tissue transmittance was indicated to diverge in different wavelength regions (e.g.
Knipling 1970; Mesarch et al. 1999; Woolley 1971; Zarco-Tejada et al. 2004). For
comparison, the linear mixing model is tested for the forest site as following
𝑅ఒ,௠௢ௗ = 𝐹௜௟௟.௦௡௢௪𝜌ఒ,௜௟௟.௦௡௢௪ + ൫1 − 𝐹௜௟௟.௦௡௢௪−𝐹௙௢௥௘௦௧൯𝜌ఒ,௦௛ௗ.௦௡௢௪ + 𝐹௙௢௥௘௦௧𝜌ఒ,௙௢௥௘௦௧ (5)
Where Fforest is the areal proportion of forest canopy to the entire scene area. Results
in PI from the forest site shows that the modelling approach combining zeroth order
radiative transfer equation and linear mixing model (Eq. 3) describes the light
propagation and reflection effects of tree canopy better than the linear mixing model
(Eq. 5) (Figure 10). In the forest opening, where only the linear mixing model is
utilized, the model predicts higher reflectances in the visible wavelengths and lower
reflectances in near-infrared (NIR) wavelengths. This demonstrates the effect of
forest transmission on the observed reflectance in open areas too if tree shadows are
present.
PI provided valuable information of the effects of forest canopy on scene reflectance,
particularly on tree-cast shadows. Unfortunately the shadowed area cannot be
defined without very high resolution images, which hampers the investigations of
satellite images. In PII, the relation of scene reflectance and canopy cover using high
resolution data for both datasets is investigated, because the amount of shadows is
related to canopy cover. The airborne measurements with a rather homogenous snow
layer (mid-winter in Lapland, several minus degrees and over 70 cm thick snow
layer) and cloud-free sky provided suitable conditions for the investigation. The
parameters utilized to describe forest characteristics are canopy cover (C), tree
height (H) and the product of them, V = C × H, which is related to the forest volume
Figure 10. Observed and modelled average mast-borne spectra at full snow cover
conditions (sd >  40  cm)  and  with  direct  illumination.  The  forest  site  features  75
observations (Eq. 3 and Eq. 5) and the forest opening partially shadowed by trees
features 26 observations (Eq. 4). These figures are adapted and modified from PI,
©2012 Elsevier.
(m3/ha) and the forest biomass, see PII. The results in PII indicate the strong effect of
C and V on the observed reflectance. In dense forests (C of 75–100%), in which the
area of directly illuminated snow can be assumed to be close to zero (sun elevation
angle was 22°), the reflectance is similar regardless of C (Figure 11). The
exponential correlation between reflectance and C or V is notable especially in the
case of the green band (555 nm). These results point out the importance of the
utilization of a radiative transfer model to describe the behaviour of reflectance in
forest with under-canopy snow.  Since models which are utilized in near real-time
(NRT)  monitoring  of  extensive  areas  cannot  be  very  complex,  the  results  of  PII
encourage us to apply a simple radiative transfer approach to describe the scene
reflectance at 555 nm as a function of Forest Parameter (FP) C, H and V. In PIII, the
semi-empirical reflectance model (Eq. 2) is derived from zeroth order radiative
transfer equation so that
𝑡ఒଶ =  exp (−2𝜅௘,஼𝑔′(𝜃௜)𝐹𝑃)   (6)
and
𝑅ఒ,௢௕௦ =  ቀ1 − 𝑒𝑥𝑝൫−2𝜅௘,஼𝑔′(𝜃௜)𝐶൯ቁ𝜌௙௢௥௘௦௧  +  𝑒𝑥𝑝൫−2𝜅௘,஼𝑔′(𝜃௜)𝐶൯𝜌௜௟௟.௦௡௢௪   (7)
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Where 𝜅௘,ி௉  is the canopy extinction coefficient and 𝜃௜  is the angle of incident
radiation. The Eq. (7) is utilized in PIII to approximate 𝜅௘,ி௉ ,  𝜌௜௟௟ .௦௡௢௪ and 𝜌௙௢௥௘௦௧
by fitting the model into the same airborne observations as utilized in PII by
applying a numerical inversion method. The assumption is that these three
parameters can be approximated by their mean effective values over the image
scene. The model is fitted to airborne observations by using the least squares method
minimizing the following cost function J with respect to 𝜅௘,ி௉ ,  𝜌௜௟௟.௦௡௢௪ and 𝜌௙௢௥௘௦௧:
𝐽(𝜅௘,ி௉ , 𝜌𝑓𝑜𝑟𝑒𝑠𝑡, 𝜌𝑖𝑙𝑙.𝑠𝑛𝑜𝑤) = ∑ ቀ𝑅௠௢ௗ,௜(𝜅௘,ி௉ ,𝜌𝑓𝑜𝑟𝑒𝑠𝑡, 𝜌𝑖𝑙𝑙.𝑠𝑛𝑜𝑤,𝐶௜) − 𝑅௢௕௦,௜ቁଶே௜ୀଵ  (8)
where sub-index i refers to an individual observation case. Additionally, the effect of
spatial scale on the results is investigated by estimating the same parameters for
airborne imaging spectrometer data with 10 m spatial resolution and for data which
is resampled with a two-dimensional box convolution function (10 ×10 window) to a
resolution of 100 m (Figure 12). The results in PIII indicated the slight effect of
spatial resolution on the modelled parameters. However, the radiative transfer model
according to (Eq. 7) describes the behaviour of reflectance in snow-covered
landscape well, suggesting the validity of the modelling approach to describe the
influence of forests when using instruments with varying spatial resolution (Figure
12). In PIII, it is also confirmed that the radiative transfer approach has a higher
validity to describe the scene reflectance than the following linear mixing model.
𝑅௠௢ௗ = 𝐶𝜌௙௢௥௘௦௧  +  (1 − 𝐶)𝜌௜௟௟ .௦௡௢௪  (9)
The correlation coefficient r2 between the observed and modelled reflectance using
the radiative transfer approach (Eq. 7) is as high as 0.91 for all data points processed
to 100 m spatial resolution, whereas for the linear mixing model (Eq. 9) r2 is 0.87.
These results indicate that the radiative transfer method (Eq. 7) estimates the
attenuation of electromagnetic radiation caused by forest canopy with a good
accuracy and is thus suitable to describe snow conditions in forests. Though, in PIV
the airborne reflectances measured over thin melting snow layer are investigated and
it was found that the relation between C and visible reflectance (555 nm and 648 nm)
is not clearly exponential when the snow layer is thin and partially transparent
(Figure 11). This is caused by the high internal variation of reflectances especially
within canopy cover of less than 50%.
Figure 11. The mean green
band reflectance and standard
deviation in the case of thin
and thick snow pack with
respect to canopy cover (%)
measured in Sodankylä under
direct illumination. During the
flights on 18 March 2010 the
solar elevation θ was 22–23°C
and on 5 May 2011 θ was 26–
30°C. This figure is adapted
from PIV, ©2019 Elsevier.
Figure 12. Modelled (Eq. 7) airborne reflectances as a function of canopy cover for
data averaged to a spatial resolution of 100 m at the green band (555 nm) during full
snow cover conditions (sd > 40 cm) and at direct illumination. Individual data points
are depicted by grey dots, whereas the error bars show the standard deviations from
class stratified mean values. For comparison the model fitting at a scale of 10 m is
also shown (dotted curve). The case C=0% is excluded from the fitting procedure
(Eq. 8).This figure is adapted from PIII, ©2014 Elsevier.
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3.2 Capability of NDSI-based techniques to detect snow in boreal forest
NDSI is widely utilized in snow mapping (Coakley 2003; Frei et al. 2012; Hall and
Riggs 2007; Hendriks and Pellikka 2004; Niittynen et al. 2018; Panday et al. 2014;
Salomonson and Appel 2006; Steele et al. 2017; Turetsky et al. 2019). The
operational snow mapping at SYKE also utilizes NDSI as supplementary
information to SCAmod to identify snow-free areas; this ensures that the increasing
green reflectance of the appearing green vegetation is not falsely interpreted as snow
by the model. The criterion is the following: if NDSI < −0.1,  FSC  is  set  to  zero,
otherwise FSC is modelled with SCAmod (Metsämäki et al. 2012). In PI, the mast-
borne spectroradiometer data are exploited in the investigation of the behaviour of
NDSI during the spring in two areas: forest and forest opening. The dataset allows
investigation of the reflectances measured under cloud-free conditions and under full
cloud cover, and thus to discriminate between the effects caused by the variation in
illumination conditions and variations in the actual snow characteristics. The results
indicate a clear difference between the behaviour of NDSI in the forest compared to
the forest opening (Figure 13). In the forest opening the NDSI is similar in both
illumination conditions, direct (i.e. clear sky) and diffuse (i.e. full cloud cover),
while in the forest the NDSI difference is notable. This indicates that the NDSI is
neither sensitive to the variation in illumination conditions nor to the amount of
shadows in fully snow-covered areas, but in forests the variation in illumination
causes high variation in NDSI. The mast-borne data allowed investigation of this
phenomenon with a stable viewing geometry, canopy presence and snow conditions
during one single day (18 March 2010) when the main varying variable was the
illumination geometry (17°< solar elevation <22°). The dataset gives clear results of
the high variability of NDSI (-0.1–0.1) according to the illumination geometry when
both snow and forest canopy are present and stable. In PII, the effect of forest
characteristics on the variation of NDSI was investigated. The airborne
measurements  were  done  at  nadir  within  one  hour  under  clear  sky  and  a  fairly
homogenous dry snow layer. The results in PII show that the relation between NDSI
and  C  or  V  is  linear.  In  addition,  the  results  indicate  that  the  NDSI  varies
significantly (relative variation > 100%) in dense forests, but very little in open areas
(Figure 14). According to the time series analysis (Figure 13) the main factor
affecting the NDSI in the forest opening before snow-free patches appear, is the
snow optical grain size. There is a slight increasing trend in NDSI time series during
the spring when grain size increases during the melting process. However, the most
notable effect of snow grain size on NDSI is noted on the days of new snow, when
NDSI decreases noticeably in the forest opening. This is due to the small optical
grain size of new snow (e.g. Marshall and Oglesby 1994), which increases
reflectance more in the infrared region than in the visible region (Dozier et al. 2009;
Negi et al. 2010; Nolin and Dozier 2000; Painter et al. 1998; Warren 1982).
However, the impact of grain size on NDSI is negligible compared to the effects
caused by forest canopy. This is also seen in time series on 21 March 2010 when the
new snow layer also covers the tree canopy increasing the NDSI notably on that
specific day.
Figure 13. NDSI time series as measured by the mast-borne spectroradiometer under
direct  or  diffuse  solar  illumination  from  the  forest  site.  The  boxes  represent  the
snowfall dates and vertical dashed line the date when snow-free patches started to
appear. Left: The forest site from 4 March to 31 May 2010. Right: The forest
opening from 2 March to 11 May 2011. These figures are adapted from PI, ©2012
Elsevier.
Both the mast-borne and the airborne datasets also provide some negative NDSI
values in forests, even with snow layer of over 70 cm on the ground. In the recent
NASA’s  MODIS  Collection  6,  the  threshold  for  NDSI  is  set  to  0.1  in  order  to
classify pixel as snow-covered pixel in NDSI_snow_Cover product (Riggs et al.
2016). A detected pixel with an NDSI between 0 and 0.1 is reversed to a ‘not snow’
result and bit 2 of the NDSI_Snow_Cover_Algorithm_Flags_QA is set to enable the
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Figure 14. Mean and standard deviation of NDSI with respect to canopy cover (%)
measured in Sodankylä under direct illumination and with thin melting (solid line)
and dry thick (dashed line) snow pack on the ground. This figure is adapted from
PII, ©2014 Elsevier.
user to generate a locally-tuned algorithm (Riggs et al. 2016). In previous Collection
5 (Riggs et al. 2006) the threshold for NDSI is set to between 0.1 and 0.4 in order to
classify pixel as a snow-covered pixel depending on the value of NDVI, but this is
found to be too low a threshold to capture snow in forests e.g. in PI, PII, Hassan et
al. (2019), Lin et al. (2003) and Steele et al. (2017). In PI and PII, NDSI is derived
from below-the-atmosphere observed reflectances, but it is evident that although the
influence of the atmosphere would slightly increase the level of NDSI, the values
where NDSI <0.1 would still be observed from snow-covered forest. In PI, the
inverse atmospheric correction is carried out to the mast-borne data by SMAC (a
simplified method for the atmospheric correction of satellite measurements in the
solar spectrum) simulation (Rahman and Dedieu 1994), which increases the mast-
borne  NDSI,  but  negative  NDSI  values  were  still  observed.  In  PI,  the  capability  of
MODIS-based NDSI to detect snow cover in dense forest on one specific day with
full snow cover on the ground is demonstrated. The demonstration also shows that
satellite-based NDSI <0.1 in dense forests along the Finnish-Russian border (Figure
15).   Dense  forests  are  also  present  in  other  parts  of  the  boreal  forest  region,
especially in Russia, and according to the results of PI and PII it is evident that the
Figure 15. The performance of MODIS -based NDSI over fully snow-covered scene
on 28 March 2003 (right) compared with Landsat/ETM+ scene acquired on 15
March 2003. These figures are adapted from PI, ©2012 Elsevier.
snow-covered area will be underestimated if the NDSI threshold is set to positive
and other algorithms are not in use.
The results in PI and PII suggest that NDSI-based methods work more accurately in
non-forested areas compared to forests. In PIV, the competence of NDSI in snow
mapping when the ground is covered by thin melting snow layer often containing
litter and snow-free patches is investigated. Figure 14 presents NDSI with respect to
C from 5 May 2011 when a thin snow layer (sd <30 cm) covered the ground. Snow-
free patches were discarded from the dataset. The NDSI provides significantly lower
values compared to a thick snow layer (sd >70 cm) in all C classes. Remarkably, the
mean NDSI is negative even in open areas (C <5%). Additionally, for thin snow, the
NDSI variation is even higher and actually behaves the opposite way compared with
the dry thick snow case; the variation increases when C decreases. In PIV, it was
found that NDSI is dependent on land cover at the very end of the melting season
when the snow layer is thin. For instance, the mean NDSI is -0.11 for transitional
woodland/shrub on rocky soil (C=10–30%), while it is -0.55 for peat bogs. However,
in addition to different mean NDSI for different land cover classes, internal variation
for certain classes may be very high too. This fluctuation is caused partly by the
heterogeneity of the snow layer (snow depth, grain size, amount of litter and
emerging vegetation) and partly by the stronger effect of viewing and illumination
geometry on the shortwave infrared reflectance compared to visible reflectance
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Figure 16. Airborne observations at 10 m resolution (5 May 2011) presented with
the respect of threshold of MODIS C6 MOD10_L2 NDSI_Snow_Cover product.
Dashed lines represent the thresholds of NDSI and Band 4 (555 nm) to identify
snow in the pixel. Observations with snow-covered ground, snow depths <30 cm,
are divided into two canopy cover (C) categories. This figure is adapted from PIV,
©2019 Elsevier.
(Table 3). Xie et al. (2006) investigated the effect of grain size on bidirectional
reflectance and found a strong sensitivity at the NIR/SWIR wavelengths (>1.2 μm)
while at visible wavelengths there was only very slight dependency between
bidirectional reflectance and grain size. Peltoniemi et al. (2005b) investigated the
bidirectional reflectance properties of the most common undergrowth species of
boreal forest in Finland and found significant differences between the species but
also within the same species. For instance, the set of spectra of lingonberry
(Vaccinium vitis-ideae) measured at nadir and taken at various locations a few
meters apart showed large variations in NIR and SWIR bands. Due to the emerging
undergrowth through the thin snow layer, the variance in undergrowth bidirectional
reflectance in SWIR wavelengths causes fluctuation in NDSI at the very end of the
melting period. The unsteady behaviour of NDSI shown in the results of PIV
indicates the weak performance of NDSI-based method for snow detection at the
very end of the melting season both in forests and non-forests, particularly with
spectral bands for which the bidirectional reflectance effect may be notable. The
NDSI data from 5 May 2011 in 10 m resolution is presented with respect to
thresholds of NDSI and Band 4 (555 nm) in MODIS C6 MOD10_L2
NDSI_Snow_Cover product to identify snow in the pixel (Riggs et al. 2016) (Figure
16).  In  forests  (C  ≥10%)  a  threshold  of  NDSI  >0  detected  only  22%  of  the  snow-
covered pixels, while in the non-forests (C <10%) 45% of the snow-covered pixels
were detected. Neither works as the threshold for green reflectance (Band 4 ≥0.11)
which captures only 24% of snow-covered pixels where C ≥10% and 61% of snow-
covered pixels where C <10%.
3.3 Scene reflectance in a boreal landscape: factors affecting the accuracy
of snow extent mapping
3.3.1 Forest canopy
The influence of forest canopy on scene reflectance from snow-covered terrain is
analysed in section 3.1. The noticeable effect of tree canopy on the modelled
reflectance spectra is detected by comparing the resulting spectra of the linear
mixing model and the observed spectra. A combination of the linear mixing model
and the radiative transfer model showed notably better results than a single linear
mixing model. Additionally the strong effect of canopy cover on reflectance is
visible when airborne scene reflectances are analysed with respect to canopy cover
(Figure  11).  The  influence  of  forest  canopy  on  the  observed  reflectance  is  also
visible when the observations contributed by snow-free canopy and snow-covered
canopy are compared. In PI, the difference between the mast-borne reflectance from
two dates, 18 March 2010 (snow-free canopy) and 21 March 2010 (snow-covered
canopy), is found to be notable in visible wavelengths (Figure 17). The reflectance
was almost twice as high at red bands for snow-covered canopy than for snow-free
canopy. The tree canopy covers 48% of the observed area. The snow surface
temperature and illumination conditions with cloud-free sky were similar on both
days. In PII, the airborne reflectances from these two dates are compared. In PI and
PII, the NDSI is found to be the most suitable measure to detect snow on the canopy.
The relative NDSI difference between snow-free and snow-covered canopy varied
from 32% (10%< C <30%) to 88% (70%< C <90%). However, when modelling FSC
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this is not an issue because in snow on canopy conditions the ground is typically
fully snow-covered; the slight increase of the observed reflectances inducing higher
FSC  may  even  compensate  for  the  typical  problem  of  underestimation  of  FSC  in
forests. On the other hand, in albedo mapping, the effect of snow on canopy should
be taken into account.
Figure 17. Left: The forest area observed by mast-borne spectroradiometer on 18
March 2010 with snow-free canopy and on 21 March 2010 with snow on canopy.
Right: The relative difference between the spectra observed on these days. This
figure is adapted from PI, ©2012 Elsevier.
3.3.2 Illumination geometry
The  mast-borne  spectroradiometer  gives  the  possibility  to  investigate  the  effect  of
illumination geometry on the observed reflectance with the stable viewing geometry
and canopy characteristics from a fully snow-covered forest.  The spectra observed
on 18 March 2010 are utilized in PI to investigate the variations in spectra during
one day of non-changing snow conditions. The effect of solar azimuth on reflectance
is found to be notable in all investigated wavelengths 350–1800 nm, thus the spectra
were divided in scattering cases and backward scattering cases. Theoretically, snow
scatters more in a forward direction (e.g. Painter and Dozier 2004; Peltoniemi et al.
2005a) whereas vegetation scatters more in a backward direction (Eklundh et al.
2007; Pellikka 1998; Peltoniemi et al. 2005b).  However, Figure 18 illustrates how
the spectral (backscatter) properties of tree canopy dominate the signal (Figure 18):
the backward scattering produces higher reflectances at all wavelengths even though
the canopy covers 40% of the observed land area (48% of the observed view). The
difference between forward and backward scattering reflectances is highest in the
NIR region. In PIII the effect of illumination geometry on mast-borne reflectance at
the green band (555 nm) from the forest  site is  analyzed with the larger dataset;  on
18 March 2010 and on twelve days between the 26 March 2013 and 12 April 2013.
In PIII, as in PI, the higher reflectances in backscattering cases are found (Figure
19). Additionally, the results in PI and PIII indicate that the sun elevation has more
of an effect in forward scattering cases (Figure 18 and 19). These findings encourage
taking illumination conditions into account in FSC mapping from forests if nadir
observations are not used.
Figure 18. The mast-borne observations measured on 18 March 2010 when snow
conditions were stable (several degrees minus) during the day. The forest covers
48% of the observed view. θ is sun elevation, Fshd.snow is the fraction of shadowed
snow and ∆φ is  the  relative  azimuth.  The  sun  is  in  the  direction  of  the  instrument
view when ∆φ =0  (case  of  forward  scatter).  Dashed  curves  and  solid  curves
represent backscattered and forward scattered spectra, respectively. This figure is
adapted from PI, ©2012 Elsevier.
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Figure 19. The mast-borne reflectances at the green band (555 nm) from the forest
site presented with respect to the sun zenith angle and the azimuthal difference
between the sun and sensor ∆φ. The actual measurements during full snow cover
conditions from 18 March 2010 are shown by green asterisks and measurements
from 26 March – 12 April 2013 are shown by red pentagrams. The reflectance
behaviour (contour plot) is interpolated from measurements at the locations of all the
symbols. This figure is adapted from PIII, ©2014 Elsevier.
3.3.3 Melting snow cover
The behaviour of airborne reflectances at the very end of snow melting is
investigated in PIV. In many previous investigations it was found that snow
reflectance varies and decreases gradually during the melting process due to changes
in the grain size, snow wetness, snow depth and the impurities in the snow layer
(Dozier et al. 2009; Hori et al. 2017; Negi et al. 2010; Nolin and Dozier 1993;
Pellikka and Rees 2010; Shekhar et al. 2018; Singh et al. 2010; Warren 1982;
Warren and Wiscombe 1980; Wiscombe and Warren 1980). The low scene
reflectances at the end of melting cause an underestimation in the FSC mapping. In
PIV the effect of canopy cover and land cover class on the airborne reflectances
observed  at  the  very  end  of  the  snow  melting  is  investigated.  Consideration  of  the
advantage of using this auxiliary information to improve the FSC estimates is
presented. The measurements were made within one hour at nadir direction when the
sky was cloud-free and the snow layer was heterogeneous with respect to grain size,
snow wetness, snow depth and impurities. The results in PI–PIII point out the strong
decrease of scene reflectance when the canopy cover (C) increases and blocks the
view to the thick snow layer underneath the canopy. Figure 11 presents the observed
airborne reflectance at the green band (555 nm) against the C in both cases: 1) snow
layer is dry, sd >70 cm and 2) snow layer is melting, sd <30 cm. The results show
that C does not affect the scene reflectance as strongly at the end of snow melting
than  dry  thick  snow  cover  conditions.  At  the  very  end  of  the  melting  season  the
heterogeneity of the wet thin snow layer causes higher variance on snow reflectance
than canopy cover. The mean reflectances are low in all C classes producing a high
correlation of variations (CV) (see PIV). Even in dense forests where the tree canopy
obstructs the view to the snow layer, the mean reflectance is notably lower than in
the  case  of  a  dry  and  thick  snow layer.  In  PI  the  effect  of  snow metamorphosis  on
mast-borne reflectance in the forest site during the spring is also demonstrated. The
hypothesis is that in diffuse illumination (i.e. at full cloud cover) the variation in
reflectance is caused by actual changes in snow properties, because the forest stand
and  the  illumination  geometry  can  be  assumed  to  be  unchanged.  The  results  of  PI
indicate that the effect of snow characteristics on reflectance is visible even when the
canopy covers 48% of the observed view.
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At the very end of the melting period the snow layer is partially transparent and the
vegetation under the snow layer emerges through the thin snowpack. Thus the
reflectance can be expected to behave differently in different land cover classes. In
addition, the amount of impurities, such as needles which accumulates on the snow
surface as a consequence of the upper snow layers melting, can be assumed to vary
between land cover classes. In PIV, the reflectances measured with 80 cm spatial
resolution on 5 May 2011 are compared with the 20 m resolution Corine Land Cover
Classes (Härmä et al. 2015; Törmä et al. 2011). The land cover specific variation is
visible when the ground is covered by a thin melting snow layer (Figure 20).
However the internal variation within each class is high and hampers the utilization
of land cover specific thresholds. Compared to the reflectances at NIR (859 nm) and
SWIR (1640 nm) bands, at the green band (555 nm) the difference in correlation of
variations (CV) between snow-covered and snow-free cases is notable (Figure 20).
This information, i.e. high variation in reflectance at the green band, could be
utilized to detect snow-covered areas at the very end of the melting season, since
variation in reflectance is found to be very low at 555 nm in snow-free ground cases
in all land cover classes. Additionally, the highest relative change between mean
reflectance of snow-free and snow-covered cases are found at the green band (555
nm) in all land cover classes. The mean relative change of all classes at green band is
140% and is highest in the classes where C <10%. At the SWIR band (1640 nm), the
transition from thin snow layer to snow-free ground induces both positive and
negative changes in reflectance (Figure 20). This causes evident instability to an
NDSI-based method for snow detection at the end of the snow melting season.
Figure 20. Upper pane: the mean and standard deviation of reflectances at 555 nm and 1640
nm.  Left:  snow-free  areas.  Right:  areas  covered  by  a  melting  snow layer  (0  cm < sd < 30
cm). Lower pane: the actual change and relative change between these two cases for
different  CLC2012  classes  at  555  nm  and  at  1640  nm.  Analyses  are  based  on  the  80  cm
resolution airborne reflectances from Sodankylä on 5 May 2011. These figures are adapted
from PIV, ©2019 Elsevier.
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4. Discussion and future aspects
The results in PI–PIV show the significant effect of the forest canopy on observed
scene level reflectance from snow-covered landscape. In PI, the mast-borne
reflectance from forest site in full snow-covered conditions is modelled and it is
found that the modelled scene reflectance is more accurate when forest
transmissivity is applied in the model (Figure 10). This is detectable when the
modelling results by Salminen et al. (2009) from the same geographical land area are
compared with the modelling results of PI. Salminen et al. (2009) applied a linear
mixing model for wavelengths 350–1800 nm in fully snow-covered conditions. In
their  model  they  applied  the  reflectances  of  directly  illuminated  snow,  shadowed
snow and forest canopy and the areal proportions of these three parameters. The
same linear mixing model is also used with the data set of PI. In both cases, the
linear mixing model overestimated the reflectance considerably more, especially in
visible wavelengths, than the advanced model where a zeroth order radiative transfer
equation is combined with the linear mixing model. Additionally, the strong
exponential correlation is found between the forest characteristics (C or V) and the
observed visible reflectances above the canopy during dry snow conditions in PII
and PIII (Figure 11 and 12). Actually, very similar reflectances are observed in dense
forests with more than 70% of canopy cover, where the amount of the directly
illuminated area can be assumed to be zero in high latitudes where light elevation
angle  is  low,  as  in  the  Sodankylä  study  site.  The  results  are  in  line  with  Ni  and
Woodcock (2000) who found that the snow-covered forest albedo varied
dramatically as a function of canopy cover and they noticed that when canopy cover
was more than 70% the presence of snow had only a minor effect on the observed
albedo. These findings in PI, PII and PIII point out the necessity to apply a radiative
transfer equation in snow mapping to describe the behaviour of reflectance in
evergreen boreal forest with under-canopy snow.
The characteristics of satellite-borne data improve and advance with the advance of
imaging technology. At the same time when new satellite instruments provides
high/very high resolution data at a lower price and easy access or even at no cost, the
available auxiliary data is more accurate and less expensive or even at no cost, as
well. For example the LiDAR -based high resolution canopy cover data are already
freely available for many areas in Finland (www.nls.fi) whereas Copernicus HRL
(High Resolution Layers) datasets include tree canopy density for Europe
(https://land.copernicus.eu/). Global scale information on forests are provided e.g. by
the European Space Agency (ESA) CCI Land Cover dataset (http://cci.esa.int). All
these datasets are regularly updated. In PII and PIII, clear exponential correlation
between canopy cover and reflectance is found. However, for the results in PIII, the
pixel-level transmission more accurately defines the effect of the tree canopy on
scene level reflectance from snow-covered terrain than information about canopy
cover/volume since the heterogeneity of canopy within the pixel affects the
interpretation of the model. The outcome also indicates that modelling results are a
bit scale dependent when the canopy extinction coefficient is modelled using canopy
cover/volume. E.g. the forest openings within the scene may not be properly
considered because the canopy cover/volume is related to the forest patches only. In
PI the effect of forest transmissivity on reflectance was observed in forest openings
with shadows cast by pine trees.
In forests, the scene reflectance from snow-covered terrain also showed high
variation according to illumination geometry (PI, PII, PIII). Compared to
reflectances in the forward direction, the backward reflectances were notably higher
and were less dependent on the sun zenith angle. This should be further investigated
and take into account if nadir observations are not accessible. High variation in
reflectances  causes  high  variation  in  NDSI.  In  PI,  it  is  found  that  in  the  forest
opening the NDSI is similar in both illumination conditions, direct (i.e. clear sky)
and diffuse (i.e. full cloud cover), while in the forest the NDSI difference is notable
(Figure 13). This indicates that in open areas NDSI is able to reduce disturbances
caused by variations in illumination geometry, but in forests the variation in
illumination causes high variation in NDSI. The sensitivity of NDSI for illumination
and viewing geometry in snow-covered forests is also found e.g. by Cao and Liu
(2006) and Xin et al. (2012). In forests, even negative NDSI values are observed
during full dry under-canopy snow conditions (PI, PII). Xin et al. (2012) have
additionally found that NDSI can be negative even with snow on the ground because
the presence of forest decreases the green reflectance significantly.
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In PI and PIV, a considerable impact of melting snow on reflectances and NDSI is
found, which needs to be taken into account in snow mapping during the melting
season. It is also important to note that this applies to wide areas in the southern parts
of the seasonal snow cover where snow layer, whenever is presented, is mostly thin
and moist. Heterogeneity in snow cover at the end of the melting causes notable
instability to the reflectances in the VIS, NIR and SWIR region causing inaccuracy
of  FSC  retrieval.  Importantly,  this  affects  the  capability  of  NDSI-based  snow
mapping methods too. The large variation in snow-covered reflectances hampers the
utilization of different reflectance thresholds for different land covers. Actually, the
variation in green reflectance could be utilized to capture snow-covered areas since
variation is significantly higher for terrain covered by a thin melting snow layer than
for snow-free terrain, independent of land cover type. Salminen et al. (2013) pointed
out that land cover-specific ρground values, especially for wetlands, could improve the
performance of SCAmod when applied to extensive areas. Since in PIV
heterogeneity in snow-covered ground reflectance is also found within single land
cover  classes,  the  suggestion  in  Salminen  et  al.  (2013)  is  a  more  sufficient  way  to
increase the accuracy of FSC retrievals than the utilization of land cover-specific
thresholds at the end of the snow melting period.
The further exploitation of the extensive datasets presented in this thesis is
particularly useful in developing spectral un-mixing methods and reflectance model-
based snow and surface albedo monitoring techniques. That is, the applied airborne,
mast-borne and ground-based hyperspectral optical reflectance data with different
ground resolutions improve the understanding of the composition of the satellite
scene reflectance behaviour and it's relation to the spectral signatures of natural
ground targets. This would benefit the operative use of SCAmod for  instance,  as  it
would enable the local adjustment of model parameters, leading to increased
accuracy of FSC-retrieval. In addition, the results of this thesis will benefit the
accuracy assessment of the snow cover extent products and are already utilized in
Salminen et al. (2018), in which a methodology to evaluate quantitative uncertainty
characteristics of satellite data retrievals is developed. The dataset is acquired at
relatively low solar elevation angles and needs further investigation before
generalizing  the  results  to  work  in  areas  where  the  sun  elevation  is  clearly  higher.
However, the dataset provides good quality reference information supporting the
development of the optical snow mapping method and its further validation and
regional parameterization.
5. Conclusion
Information on snow cover is important in hydrological, biological, and
climatological aspects. However, the forest canopy hampers detection of snow-
covered areas with optical satellite instruments. This thesis exploits multisensor
reflectance data from different target resolutions providing unique and valuable
information on the behaviour of scene reflectance from snow-covered forested
terrain. The results allow the estimation of temporal (mast-borne data) and spatial
variations (airborne data) of the scene reflectance in snow-covered boreal forests,
and additionally provide the ground-based reflectances important for snow mapping.
This thesis demonstrates that the utilization of a simple combination of a linear
mixing model and a radiative transfer approach is a feasible method to predict
reflectance properties in snow-covered forested terrain, given that detailed
information on forest characteristics are available. The accuracy of the modelled
satellite data retrieval can be additionally improved by applying more accurate,
locally tuned target-specific reflectances as model parameters. The key findings of
this thesis are:
 A non-uniform melting snow layer with varying impurities and snow depth
causes significant variability and overall decrease in visible and near-infrared
scene reflectances as well as NDSI in all land cover types. The effect of snow
properties on scene reflectance is detectable even in the areas where canopy
covers half of the observed view.
 In visible wavelengths variation in reflectance is distinctively high in snow-
covered  conditions  at  the  very  end  of  the  snow melting  period  compared  to
snow-free conditions in all land cover types. Overall, reflectance at 555 nm is
found to be most efficient in snow detection during the melting period due to
its highest relative difference between snow-free and snow-covered
reflectances compared to other wavelengths investigated and NDSI
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 The effect  of illumination geometry on reflectance and NDSI is found to be
notable in snow-covered forested terrain. Tree canopy bidirectional
reflectance properties dominate the signal even when snow covers half of the
observed view. The effect of the sun zenith angle on scene reflectance from
snow-covered forest is found to be higher in the forward scattering case than
in the backward scattering case
 Snow on the canopy almost doubles the visible reflectances when the forest
covers  half  of  the  view.  Overall,  the  NDSI  is  found  to  be  most  suitable  to
detect canopy snow.
 Ground-based reflectances offers a feasible means to predict scene
reflectance characteristics of snow-covered boreal forests observed by space-
borne instruments. The forest canopy cover correlates exponentially with
reflectances and in forests the non-linear radiative transfer approach
describes the scene reflectance more accurately than the linear mixing model.
 Overall, the effect of the tree canopy on reflectance observations can be
described realistically using simple forward models, which compensate the
tree-canopy effect on the measured scene-level signal thus allowing the
estimation on snow conditions beneath the canopy
These results support development of the optical snow mapping method, its further
validation and regional parameterization. The results contribute significantly to
improvement  of  the  accuracy  of  optical  data  based  snow cover  products.  However,
further investigations are needed in the areas where the light incident angle is
considerably higher.
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